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We discuss properties of 1−+ exotic mesons within the framework of the QCD field-theoretic ap-
proach. We estimate the mass of the lowest-lying 1−+ exotic meson using renormalization-improved
QCD sum rules, and find that the mass lies around 1.29 ± 0.18 GeV, in good agreement with the
pi1(1400) data. This state should be expected in QCD. We find that the mass for the lowest-lying
strange 1−+ meson is close to mpi1 . Our result hints that the K
∗(1410) may be the lowest-lying
1−+ nonet state.
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Quantum Chromodynamics (QCD) is the presently ac-
cepted theory of strong interactions among quarks and
gluons. Perturbative QCD has been developed in great
detail and tested successfully. However, the physics of
the nonperturbative QCD seems to be a much more dif-
ficult task. The rapid development of the lattice QCD
theory may offer some answers for the true world which
is always related to the nonperturbative dynamics.
As the development of QCD, hadrons with exotic quan-
tum number have attracted much attention. In addition
to normal mesons (q¯q) and baryons (qqq), which can be
built up from the quark model, QCD allows the existence
of exotic states which can be glueballs, hybrid mesons
(the bound states of q¯qg), tetraquark mesons (the bound
states of q¯qq¯q), and other multi-parton states.
In the past years there have accumulated possible ev-
idence for the existence of 1−+ exotic states [1]. A neg-
atively charged exotic state, π1(1400), with J
PC = 1−+
was observed in π−p → ηπ−p [2, 3] and in p¯n → π0π−η
[4]. The corresponding neutral state was reported by the
Crystal Barrel [5] and E852 [6] collaborations in the re-
actions of p¯p → π0π0η and π−p → ηπ0n, respectively,
where the decay channel ηπ is isovector and hence can-
not be confused with a glueball. Unlike the charged
ηπ− channel, the charge conjugate is a good quantum
number in the neutral ηπ0 system, where the η was de-
tected in its 2γ decay mode [6] and very recently in its
π+π−π0 decay mode in the E852 experiment [7]. The
advantage of detecting the η → π+π−π0 mode over the
all-neutral final state is that the decaying vertex is deter-
mined by charged tracks. The mass of the neutral exotic
1−+ state observed in the very recent E852 experiment
is 1257± 20± 25 MeV [7], which is lower than the mass
1360± 25 MeV in the Crystal Barrel measurement. The
world average is 1376± 19 MeV [1].
Another observed 1−+ exotic state, π1(1600), has also
attracted much attention. In contrast to π1(1400), the
η′π coupling of this state is unexpectedly stronger than
the ηπ coupling although the phase space favors the lat-
ter. Due to the above property, it was argued that the
π1(1400) may be favored for a four-quark state, while the
π1(1600) may be a hybrid meson [8].
Theoretically, the compositions of observed 1−+ ex-
otic states remain unclear. The flux-tube model [8] and
lattice calculations [9] predict the lowest-lying 1−+ hy-
brid meson to have a mass of about 1.9 GeV. More-
over, the former predicts that the 1−+ hybrid meson
are dominated by b1π and f1π decays in contrast with
the π1(1600) experimental results where the three fi-
nal states b1π, η
′π and ρπ are of comparable strength,
1 : 1.0 ± 0.3 : 1.5 ± 0.5 [10]. Considering the two-point
correlation function of two local hybrid currents, the re-
cent QCD sum rule calculations yield the mass of the
lowest-lying 1−+ meson to be 1.5 ∼ 1.7 GeV [11, 12, 13].
Unlike the model-building approach, a 1−+ exotic me-
son in language of the QCD field theory is described in
terms of a set of Fock states for which each state has the
same quantum number as the exotic meson:
|1−+〉 = ψqq¯|q¯q〉+ ψqq¯g|qq¯g〉+ ψqq¯qq¯|qq¯qq¯〉+ . . . , (1)
where ψi are distribution amplitudes and the dots denote
the higher Fock states. In contrast to the usual feeling
of people, actually a nonlocal ψqq¯ does not vanish and is
antisymmetric under interchange of momentum fractions
of q¯ and q in SU(3) limit. For instance, projecting a
lowest-lying 1−+ meson (π1) along the light-cone (z
2 =
0), the leading-twist light-cone distribution amplitudes
(LCDAs) φ‖,⊥ are defined as





νq2(0)|π1(P, λ)〉 = impi!ǫ
(λ)
⊥ p · z[φ⊥], (2)




pµ = Pµ − zµm
2
pi1/(2pz) are introduced with u¯(u) being
the momentum fraction carried by q¯1(q2), and the non-
local quark-antiquark pair, connected by the Wilson line
which is not shown, is at light-like separation. Consider-
ing the G-parity in Eq. (2), it can be known that φ‖,⊥ are
antisymmetric under interchange u ↔ u¯ in SU(3) limit,
i.e., the amplitudes vanish in the z → 0 limit (but not in
the z2 → 0 limit). The above property was first applied
to the study for the deep exclusive electro-production in-
volving a lowest-lying 1−+ exotic meson [14]. In analogy
2to the leading LCDAs, all twist-three two-parton LCDAs
for a 1−+ exotic meson are also antisymmetric under in-
terchange u↔ u¯ in SU(3) limit due to the G-parity.
ψqq¯g can be non-vanishing under interchange of mo-
mentum fractions of quarks. Similar to the case of vector
mesons [15], using non-local 3-parton gauge-invariant op-
erators to project amplitudes of the |qq¯g〉, we have three
twist-3 3-parton LCDAs for a 1−+ exotic meson, building
up by a quark, an antiquark, and a gluon, where two of
LCDAs are symmetric under interchange of momentum
fractions of the quark and antiquark in the SU(3) limit,
while one is antisymmetric.
Adopting the local gauge-invariant current [21]
J(x) = zβzµd¯(x)σαβgsG
α
µ (x)u(x) , (3)
we shall employ the QCD sum rules [16] to evaluate the
mass of the lowest-lying 1−+ exotic meson. J(x) is G-
parity odd as the same as the 1−+ isovector state. The
residue of J coupled to the 1−+ state is defined as
〈0|J(0)|1−+(p, λ)〉 = f⊥3,1−+m1−+(ε
(λ) · z)(p · z) . (4)
The residue constant determines the normalization of one
of twist-3 3-parton LCDAs, and is also the coefficient
with conformal spin 7/2 in the conformal partial wave
expansion for the LCDA [17].
The method of QCD sum rules approaches the bound
state problem in QCD from the perturbative region,
where non-perturbative quantities, such as some con-
densates, may contribute significant corrections in the
operator-product-expansion (OPE) series. Through the
study of the relevant correlation function and the idea
of the quark-hadron duality, the corresponding hadronic
properties, like masses, decay constants, form factors,
etc., can be thus obtained.
We consider the two-point correlation function
i
∫
d4xeiqx〈0|TJ(x)J†(0)|0〉 = Π(q2)(q · z)4 . (5)
It should be noted that J(x) can couple not only to 1−+
sates but also to 0++ states as
〈0|J(0)|0++(p, λ)〉 = −2f3,S(p · z)
2 , (6)
where the lowest-lying state in the 0++ channel is
a0(980). Therefore, to extract the lowest-lying meson
corresponding to the 1−+ channel, at the hadron level
of Eq. (5) we shall consider two lowest-lying states. Our
final result will indicate that one of the two lowest-lying
states is a0(980) and the rest one is the lowest-lying 1
−+
meson, i.e., the mass of the latter is lower than that of
the a0(1450), the first excited state in the 0
++ channel.



















where ΠOPE is the OPE result at the quark-gluon level,
and s0 is the threshold of higher resonances. We apply
the Borel transformation to both sides of Eq. (7) to im-
prove the convergence of the OPE series and to suppress
contributions from higher resonances. The sum rule for

















ΠOPE was done in Ref. [18], in connection with the calcu-
lation for the twist-3 parameter of pseudoscalar mesons.














































To subtract the contribution arising from the lowest-




d4xeiqx〈0|TJ(x)u¯(0)d(0)|0〉 = Π¯(q2)(q · z)2 , (10)
where the scalar current can couple to the lowest-lying
scalar meson a0(980):
〈0|u¯(0)d(0)|a0(980)〉 = ma0fa0 . (11)
A similar non-diagonal correlation function was carried
out in Ref. [18], where there are additional γ5’s in two






















































In calculating the mass sum rule for the lowest-lying
1−+ exotic state, in Eq. (9) we substitute f3,a0 with the
expression given in Eq. (12), where use of fa0 = (0.380±
30.015) GeV and s¯0 = (3.0 ± 0.2) GeV
2 have been made
[19]. Consequently, the mass sum rule for the lowest-lying
1−+ resonance can be obtained by taking the logarithm
of both sides of Eq. (9) and then applying the differential
operator M4∂/∂M2 to them. In the numerical analysis,




aµν〉 = (0.474± 0.120) GeV4/(4π) ,
〈u¯u〉 ∼= 〈d¯d〉 = −(0.24± 0.01)3 GeV3 ,
〈u¯gsσGu〉 ∼= 〈d¯gsσGd〉 = (0.8± 0.1)〈u¯u〉 ,
(mu +md)/2 = (5 ± 2) MeV ,
(13)
and take into account the fully renormalization-group
(RG) improved QCD sum rules. The scale dependence




L ≡ αs(Q)/αs(µ), Γ
T+2 = 7CF /3 +Nc, and b = (11Nc −
2nf)/3, where Nc and nf are numbers of colors and fla-
vors, respectively [20]. The anomalous dimensions of re-
maining operators can be found in Ref. [19].
Numerically, we get the mass for the lowest-lying 1−+
exotic meson:
mpi1 = (1.26± 0.15) GeV, (14)
corresponding to s0 = 2.5± 0.7 GeV
2, where s0 is deter-
mined by the maximum stability of the mass sum rule
within the Borel window 1 GeV2 < M2 < 2 GeV2. The
result for mpi1 versus M
2 is shown in Fig. 1, where the
mass is very stable within the window. From Eq. (14),
we know that the second lowest-lying meson for states
coupling to the operator J should not be a0(1450) since
the resulting mass is lower than the experimental result of
ma0(1450) = (1.474+0.019) GeV [1]. It should be stressed
that the procedure for performing the RG-improvement
on the “mass” sum rule is very important. If the anoma-
lous dimension of the current J was neglected, the stable
sum rule could not be obtained within the Borel window
and the resulting mass was reduced by 300 MeV.
We further study the existence of the 1−+ nonet. In
evaluating the mass for the lowest-lying strange 1−+
exotic meson, we use ms(1 GeV) = (135 ± 15) MeV,
〈s¯gsσGs〉/〈u¯u〉 ≈ 〈s¯gsσGs〉/〈u¯u〉 = 0.85 ± 0.05 as ad-
ditional inputs. Because it is still questionable for the
existence of the κ(800), we therefore consider the fol-
lowing two possible scenarios. In scenario 1, the κ(800)
is treated as the lowest-lying strange scalar meson with
mass being 0.8±0.1 GeV and fκ = 0.37±0.02 GeV, which
corresponds to s¯0 = 2.9± 0.2 GeV
2, while in scenario 2,
the K∗0 (1430) is considered as the lowest-lying strange
scalar meson with fK∗0 (1430) = 0.37 ± 0.02 GeV, which
corresponds to s¯0 = 3.6± 0.3 GeV
2. (The values are up-
dated from Ref. [19].) The results are depicted in Fig. 2.
Using an arbitrary set of allowed inputs, within the Borel
window, the mass is stable only for scenario 2, which
hints that the κ may not be a real particle or suitable in
the sum rule study due to its large width. Because it is










FIG. 1: The mass for the lowest-lying 1−+ exotic meson as
a function of the Borel mass squared M2. The solid curve
is obtained by using the central values of input parameters.
The region between two dashed lines is variation of the mass
within the allowed range of input parameters.











FIG. 2: The same as Fig. 1 but for the mass of the lowest-
lying strange 1−+ exotic meson. The heavy and red (light and
blue) curves are for scenario 2 (1), where s0 = 2.3±0.9 (2.7±
0.7) GeV2.
not stable in scenario 1, we assume s0 = 2.6± 0.7 GeV
2,
consistent with the case of π1. The result in scenario 2 is
mK∗(1−+) = 1.31± 0.19 GeV, (15)
corresponding to s0 = 2.3± 0.9 GeV
2.
Before concluding this paper, we would like to take













µ (x)u(x) , (17)
which had been widely discussed in the literature where
a larger mass (& 1.6 GeV) for the lowest-lying 1−+ exotic




















The f4,pi1 determines the normalization of twist-4 LCDAs
of the lowest-lying 1−+ meson. The detailed OPE result
for Πv can be found in Refs. [12, 13], where the radia-
tive corrections have been calculated. The mass can then
be obtained by applying (M4∂/∂M2 ln) to both sides of
Eq. (18) Here we make a complete RG-improved analysis
for the mass sum rule. The scale dependence of the oper-
ator Jµ is given by Jµ(Q) = J(µ)L
32/(9b) [12]. Such effect
was ignored before. Nevertheless, we find that the RG
effect is important for obtaining a stable sum rule result.
See Fig. 3 for mpi1 , where the heavy curves correspond
to the RG-improved results with s0 = (4.9 ± 0.1) GeV
2,
compared with the light curves adopting the same s0 but
without the RG effect (and setting the scale µ=2 GeV
as did in Ref. [13]). If the RG-effect is not taken into
account, there is no plateau for curves within the win-
dow, such that the mass becomes strongly s0-dependent.
However the excited threshold s0 is not a free parameter
under complete RG-consideration, and can be well deter-
mined by the maximum stability of the mass sum rule.
We obtain
mpi1 = (1.44± 0.03) GeV,
mK∗(1−+) = (1.44± 0.04) GeV , (20)
corresponding to the same s0 = (4.9±0.1) GeV
2. Our re-
sults obtained from two different sum rule analyses agree
with each other. In the particle data book (PDG) [1], the











FIG. 3: The same as Fig. 1 but from the sum rule given
in Eq. (18). The heavy (red) curves are obtained from RG-
improved sum rule, while light (blue) curves, using the same
s0 as the heavy curves and the scale µ = 2 GeV for αs, do
not contain RG corrections.
two strange mesons, K∗(1410) and K∗(1680), are cur-
rently assigned to be 23S1 and 1
3D1 states, respectively.
However, because the K∗(1410) is too light compared
with the remaining 23S1 nonet states, therefore it could
be replaced by K∗(1680) as the 23S1 state. If so, our
result hints that the K∗(1410) is very likely to belong to
the lowest-lying 1−+ nonet.
In conclusion, we have presented a discussion for prop-
erties of the 1−+ exotic meson based on the QCD field
theory. We calculate the mass of the lowest-lying 1−+
exotic meson from QCD sum rules. The obtained non-
strange meson masses from two different sum rules con-
sist with the observation for π1(1400). We have evaluated
the mass for the lowest-lying strange 1−+ exotic meson,
which is close to mpi1 .
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